Background: NGR-hTNF exploits the peptide asparagine-glycine-arginine (NGR) for selectively targeting tumour necrosis factor (TNF) to CD13-overexpressing tumour vessels. Maximum-tolerated dose (MTD) of NGR-hTNF was previously established at 45 mg m À 2 as 1-h infusion, with dose-limiting toxicity being grade 3 infusion-related reactions. We explored further dose
Tumour necrosis factor (TNF)-alpha is a powerful antitumour cytokine originally identified (Carswell et al, 1975) for its ability to induce in experimental cancers massive haemorrhagic necrosis, which is mainly mediated by apoptosis of cancer endothelial cells. The apoptotic pathway is triggered by TNF binding with the receptor TNF-R1. Conversely, the receptor TNF-R2 lacks a death domain and likely acts as a modulator of TNF-R1 actions. Both receptors are also shed as soluble proteins, thus competing with cell-surface receptors for free ligand (Balkwill, 2009) . Early clinical trials with TNF given systemically were, however, associated to severe toxicities, with maximum-tolerated dose (MTD) being significantly lower than estimated effective dose (Lejeune et al, 2006) . Lately, through isolated limb perfusion it was possible to deliver loco-regionally doses of TNF 10-fold higher than MTD. Of note, TNF in combination with chemotherapy induced high response rates in several tumours, with an acceptable toxicity profile (Fraker et al, 1995) .
In order to increase the TNF therapeutic index, a liganddirected vascular-targeting approach was exploited. For this purpose, NGR-hTNF was prepared by conjugating the N-terminus of TNF with the C-terminus of the tumour-homing peptide NGR (asparagine-glycine-arginine) that selectively recognises an aminopeptidase N (CD13) isoform overexpressed by angiogenic tumour vessels (Arap et al, 1998; Curnis et al, 2000) . Recently, CD13 was found to be crucial for the pathological development of newly formed blood vessels from preexisting ones in CD13-null mice (Rangel et al, 2007) . Compared with untargeted TNF, NGR-TNF induced a significantly increased antitumour activity in preclinical models and, more interestingly, displayed a biphasic (Ushaped) dose-response curve with activity noted either at very low (p0.1 ng) or at high doses (41000 ng) (Curnis et al, 2002) .
A previously reported phase I study (van Laarhoven et al, 2010 ) testing doses ranging from 0.2 to 60 mg m À 2 established the MTD of NGR-hTNF at 45 mg m À 2 given intravenously as 1-h infusion once every 3 weeks, with dose-limiting toxicities (DLTs) encountered at the dose of 60 mg m À 2 being grade 3 infusion-related reactions (IRRs). Common related toxicities were transient grade 1 to 2 chills (58% of patients) and fever (56%). Shedding of soluble TNF receptors was not detected at the lowest doses tested (p0.8 mg m À 2 ), while thereafter increased proportionally with dose up to a plateau observed at X25 mg m À 2 . No objective responses were detected, but of six patients with durable stable diseases, five were treated with low doses.
An additional trial exploring the low-dose range from 0.2 to 1.6 mg m À 2 selected 0.8 mg m À 2 as optimal biological low dose, based on dynamic imaging changes and sTNF-Rs shedding kinetics (Gregorc et al, 2010) . In this study, the antivascular effects of NGR-hTNF were confirmed by dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI), with 75% of patients having decreased values of the volume transfer constant, K trans . Considering the preclinical activity noted only at very high doses and the temporal relationship between DLTs onset and drug dosing, we decided to explore higher doses of NGR-hTNF using a more protracted infusion length of 2 h and a mild premedication with paracetamol.
The present study primarily aimed at determining the optimal biological high dose of NGR-hTNF, given at doses higher than the previously established MTD, by evaluating both safety, in terms of MTD, and antivascular effects, in terms of changes in dynamic imaging. Secondary aims included pharmacokinetics, pharmacodynamics, and preliminary activity.
METHODS
Patients eligibility. Patients 18 years of age or older with refractory solid tumours and radiological disease progression after last treatment regimen were enroled. Additional eligibility requirements were: ECOG performance status (PS) of 0 to 1; absolute neutrophil count 41.5 Â 10 9 l À 1 ; platelet count 4100 Â 10 9 l À 1 ; total bilirubin o1.5 Â upper limit of normal (ULN); aspartate and alanine aminotransferase o2.5 Â ULN in the absence of liver metastasis or o5 Â ULN in the presence of liver metastasis; and serum creatinine o1.5 Â ULN. Patients with significant cardiac, infectious, or peripheral vascular diseases were excluded, as well as patients completing systemic therapy within 4 weeks or having surgery within 2 weeks before treatment start. The Institutional Review Board approved this study, which was conducted in accordance with the Declaration of Helsinki. Signed informed consent was obtained from all patients before trial participation. Trial number registration at clinicaltrials.gov is NCT00878111.
Study design. This was a single-centre, dose-defining study with a minimum of four patients who were administered each of 12 dose levels (DLs: 60-80-100-125-150-175-200-225-250-275-300-325 mg m À 2 ). The starting dose (60 mg m À 2 ) was 33% higher than the previously selected MTD and recommended phase II dose (45 mg m À 2 ) (van Laarhoven et al, 2010) . To have a more robust toxicity assessment at each DL, four instead of three patients were enroled and a 25-mg flat dose increase was cautiously used from the third level. Patients were treated at their assigned dose of NGRhTNF that was given as 2 hours infusion every 3 weeks until progression, unacceptable toxicity, or patient request. Premedication with paracetamol (1000 mg per os or intravenously) was mandated 30 to 60 min before each infusion. No dose modification was allowed. For retreatment on next cycle, all related toxicities should be recovered to grade 1 or less. If a patient was unable to meet retreatment criteria, NGR-hTNF was delayed for 1 week for up to 3 weeks. In the presence of infusion-related symptoms of grade X2, the rate was slowed/interrupted and patients monitored/ treated until complete resolution.
Adverse events (AEs) were graded according to Common Terminology Criteria for Adverse Events (version 3.0). Doselimiting toxicities applicable to the study were defined as any grade 3 or 4 toxicity clearly related to NGR-hTNF. Exceptions were considered nausea, vomiting, chills, and fever that could be rapidly controlled with appropriate treatments. Four patients were to be enroled to each DL. After enrolment of the first two patients, new patient inclusion was blocked until the safety of the first two patients to the first cycle was fully documented in order to verify that no DLT had occurred. Then, subsequent two patients were allowed for registration at that particular DL. If one or less of the four patients experienced a DLT during the first cycle, an additional four patients were entered at the next higher DL with dose escalation continuing until DLT was observed. If two or more of the four patients experienced DLT during the first cycle, the prior lower DL would be declared as MTD.
Pharmacokinetic and pharmacodynamic assessment. Intensive pharmacokinetic (PK) blood sampling was performed on day 1 of the first 3 cycles with samples drawn at baseline (before NGRhTNF dosing) and on treatment (20-60-90-120-180-240 min after each dosing). The plasma levels of NGR-hTNF and soluble TNF receptors (sTNF-R1 and sTNF-R2) were computed using an enzyme-linked immunosorbent assay. Maximum plasma concentration (C max ) and area under the plasma concentration-time curve (AUC) of NGR-hTNF were estimated from plasma concentration-time data using standard noncompartmental methods. Pharmacodynamic variables determined for sTNF-Rs were E max (maximum plasma concentration) and AUC. Because of the background levels of TNF and sTNF-Rs generally detectable in cancer patients, concentration-time profiles for each patient were baseline-normalised by subtracting the time-zero value to all other time-point values.
Dynamic contrast-enhanced magnetic resonance imaging. Magnetic resonance imaging studies were performed on a 1.5T MR scanner and images were analysed as previously described (d 'Arcy et al, 2006) . Dynamic contrast-enhanced magnetic resonance imaging scanning were done at baseline (48 h before first dose) and 2 h after administration of first and subsequent cycles. This 2-h interval was chosen because maximal synergism of NGR-hTNF with cytotoxic agents was observed with a 2-h delay between NGR-hTNF and chemotherapy administration (Sacchi et al, 2006) , thus suggesting a maximum drug effect on the vasculature at that time point. The gadopentetate dimeglumine concentration curve was fitted with the standardised Tofts PK model (Tofts et al, 1999) , and maps of K trans (volume transfer constant from plasma to extravascular extracellular leakage space, EES) were estimated. K trans depends on balance between capillary permeability and blood flow in the tissue of interest. In high-permeability situations, where tracer flux is flow limited, K trans is equal to the blood plasma flow per unit volume of tissue. In low-permeability situations, where tracer flux is permeability limited, K trans is equal to the permeability surface area product between blood plasma and EES, per unit volume of tissue. Thus, reductions in K trans would mean either reductions in tumour vascularity (i.e., the amount of capillaries) or reductions in tumour permeability, or both situations. The initial area under concentration agent-time curve at 90 s (IAUGC) as a semiquantitative index was also obtained. Regions of interest were traced twice by the same expert radiologist in areas of tumour tissue with intense enhancement. Given that a repeatability coefficient was not formally defined in the present study, reductions from baseline in K trans or IAUGC 450% were considered a significant antivascular effect (Jackson et al, 2007; O'Connor et al, 2012) .
Statistical analysis. Descriptive statistics were provided using medians with 95% confidence interval (CI) or means with s.d. for continuous variables and proportions for categorical variables. Continuous data were compared by the nonparametric MannWhitney test, whereas the degree of association between continuous variables was quantified by the Spearman rank correlation coefficient. A Kruskal-Wallis analysis of variance by ranks was used to assess dose proportionality and compare differences in baseline-normalised sTNF-Rs as a function of dose. For DCE-MRI parameters, absolute values and relative percentage changes from baseline were reported, and to determine if the distribution of these changes between pairwise time points differed significantly from zero, the Wilcoxon test was used. Baseline-normalised AUC and C max were used as representative parameters of drug exposure and were correlated with changes in dynamic imaging parameters. Measurable target lesions were radiologically assessed using response evaluation criteria in solid tumours (RECIST version 1.0), or mesothelioma-modified RECIST criteria (Byrne and Nowak, 2004) , while Kaplan-Meyer method and log-rank test were used for comparisons of time-to-event data between patient subgroups.
RESULTS
Patients. In all, 48 patients (37 men and 11 women) with a median age of 61 years (range, 23-76 years) and a PS of 0 (n ¼ 21) or 1 (n ¼ 27) were enroled. Most of the patients were affected by colon cancer (n ¼ 28), followed by mesothelioma (n ¼ 8), liver cancer (n ¼ 5), soft-tissue sarcoma (n ¼ 4), gastric cancer (n ¼ 2), and pancreatic neuroendocrine tumour (PNET; n ¼ 1). All patients were heavily pretreated with a median of three systemic regimens (range, one to seven).
Safety. A total of 117 cycles (median, two; range, one to six cycles) were delivered. In all the 48 enroled patients, treatment discontinuations resulted from symptomatic deterioration (n ¼ 7) or radiological tumour progression (n ¼ 41).
The MTD was not reached and no DLTs were observed. Overall, NGR-hTNF was well tolerated without apparent differences in either frequency or intensity of AEs by dose. Most common AEs over all cycles, regardless of drug relationship, were pyrexia and chills (Table 1) , with grade 3 and 4 AEs reported by 12 (25%) and 5 (10%) patients, respectively. No patient experienced grade 3-4 drug-related AEs, while grade 1-2 IRRs included chills (58%), vomiting (44%), and hypotension (25%). During the first cycle, chills was noted in 24 patients (50%).
Pharmacokinetics. Overall, 46 patients had PK studies completed. After the first cycle, the mean (±s.d.) C max ranged from 0.1 ( ± 0.1) at the dose of 60 mg m À 2 to 44.2 ( ± 6.4) ng ml À 1 at the dose of 325 mg m À 2 , whereas the corresponding AUC values ranged from 14 ( ± 6) to 4966 ( ± 548) ng h À 1 ml À 1 , respectively. Concentration-time profiles after the first three cycles by dose are depicted in Figure 1A . Both C max (Po0.0001) and AUC (P ¼ 0.0001; Figure 1B ) increased proportionally with dose.
Pharmacodynamics. Baseline and post-treatment plasma levels of sTNF-Rs were monitored in 46 patients. After the first cycle, the concentrations of sTNF-R1 and sTNF-R2 were significantly increased (Po0.0001 for both). Baseline-normalised E max of sTNF-R2 (median, 9.6 ng ml À 1 ; 95% CI, 8.7-10.2) peaked significantly higher than sTNF-R1 (median, 4.9 ng ml À 1 ; 95% CI, 4.6-5.4; Po0.0001). However, the concentration-time profiles of sTNF-R1 and sTNF-R2 did not significantly differ across DLs, suggesting a plateau effect in shedding kinetics.
The antivascular effects of NGR-hTNF were evaluated in 37 patients who had at least one post-baseline DCE-MRI assessment. As shown in Table 2 , both K trans and IAUGC were markedly reduced after first cycle with an apparent dose-dependent effect, as the changes in K trans correlated with both C max (r ¼ À 0.35; P ¼ 0.03) and AUC (r ¼ À 0.31; P ¼ 0.06) of NGR-hTNF. Overall, 28 patients (76%; 95% CI, 59-88%) had reduced values of K trans and IAUGC at some point on treatment, and 16 patients (43%; 95% CI, 27-60%) experienced decreases in K trans from baseline 450% (Figure 2) . In particular, patients receiving DLs X200 mg m À 2 had significantly greater reductions in K trans than patients receiving DLs o200 mg m À 2 (median, À 52% and À 24%, respectively; Po0.0001) ( Figure 3A) . Moreover, for higher baseline K trans values, greater decreases were noted. Indeed, the absolute changes in K trans were inversely correlated with pre-treatment values (r ¼ À 0.58; P ¼ 0.0002), particularly in the subset of 28 patients who had decreased values (r ¼ À 0.85; Po0.0001) ( Figure 3B ). There was no correlation between pre-treatment tumour size and either baseline or post-treatment K trans values. Decreases in K trans were reported in 16/22 patients with colon 
cancer, in 5/6 with mesothelioma, in 2/4 with sarcomas, in 3/3 with liver cancer, and in one patient each with gastric cancer and PNET.
Antitumour activity. Overall, 12 (29%; 95% CI, 16-45%) of 41 patients evaluable for best response by RECIST criteria had stable disease. There were no significant relationships between changes in DCE-MRI parameters and RECIST-defined tumour response, though patients with stable disease tended to have greater reductions in K trans after first cycle than patients with early progression (median, À 48 and À 28%, respectively). Median progression-free survival (PFS) was 1.7 months (95% CI, 1.5-1.9 months) and 1-year overall survival (OS) rate was 34% (95% CI, 17-51%). The subset of patients with stable disease (including eight with colorectal cancer, two with mesothelioma, and one each with gastric cancer and PNET) had median PFS of 2.9 months and median OS of 13.0 months. Patients who reported chills during the first infusion had significantly improved PFS (hazard ratio ¼ 0.50; P ¼ 0.009) compared with patients who did not. Moreover, lower levels of sTNF-R2 and greater decreases in K trans were detected after the first cycle in patients who subsequently experienced prolonged survival time. In particular, median OS was 13.0 months in patients with sTNF-R2 levels o9.6 ng ml À 1 (i.e., the median distribution value) and 3.9 months in patients with levels X9.6 ng ml À 1 (P ¼ 0.004), whereas median OS was 14.5 months in patients with decreases in K trans 450% and 4.7 months in patients with decreases p50% (P ¼ 0.05).
DISCUSSION
Drug doses are established in phase I studies, but infusion length or administration frequency are commonly determined empirically based on available preclinical data. Then, subsequent observations can either reinforce or modify these decisions. However, often Abbreviations: CI ¼ confidence interval; DCE-MRI ¼ dynamic contrast-enhanced magnetic resonance imaging; IAUGC ¼ initial area under concentration agent-time curve. Changes from baseline in K trans and IAUGC after the first treatment cycle and over time. Thirty-seven patients had only one post-baseline assessment and 28 patients more than one post-baseline assessment. dosing schedules are based on other considerations, such as volume necessary for administration or, most importantly, safety. The MTD of NGR-hTNF was established at 45 mg m À 2 as 1-h intravenous infusion in a previous study testing a dose interval from 0.2 to 60 mg m À 2 , with DLTs consisting of grade 3 IRRs (van Laarhoven et al, 2010) . In that study, the infusion length was not further prolonged because it was assumed that, given a doseproportional increase of NGR-hTNF exposure and a plateau of sTNF-Rs shedding, the excess of free drug unbound to circulating receptors at higher doses would be responsible for DLTs. Therefore, further prolongation of the infusion time was not expected to alter toxicity.
Though severe reactions are rare, mild-to-moderate IRRs occur frequently with many compounds and tend to resolve after brief infusion interruption and supportive care administration (Lenz, 2007) . Furthermore, most patients experiencing mild-to-moderate IRRs during first exposure tend to tolerate drug rechallenge with slower infusion rate and premedication.
Therefore, in the present study a more prolonged infusion time empirically set at 2 h was explored, so that if IRRs were detected, the infusion could be interrupted with a relatively small amount of drug having been delivered. Moreover, considering that the vast majority of these IRRs consisted of chills, a mild premedication with paracetamol was mandated starting from first cycle.
The present study has clearly demonstrated that NGR-hTNF can be safely escalated at doses up to seven times higher than the previous MTD by slowing the infusion rate at 2 h and using a mild premedication with paracetamol. The use of high doses did not change the toxicity pattern reported for single-agent NGR-hTNF, mainly consisting of mild-to-moderate and dose-unrelated chills. Similarly, the cardiovascular toxicities described for vasculartargeting agents (including acute coronary and thrombophlebitic syndromes; alterations in blood pressure, heart rate, and ventricular conduction) (van Heeckeren et al, 2006) did not appear in this study, likely because of targeted delivery of this compound.
As expected using a targeted agent and despite the wide dose interval tested, the present trial did not formally define a new MTD. However, the present study primarily aimed at determining the optimal biological high dose of NGR-hTNF by evaluating both safety and antivascular effects by dynamic imaging. Furthermore, it is now widely agreed that the toxicity spectrum of targeted agents differs profoundly from the one of cytotoxic agents and, given their cytostatic nature and lack of dose-effect relationship, increasing drug dose to MTD may be unnecessary for drug effect (Ellis and Hicklin, 2008) .
Notwithstanding the fact that the selection of an optimal biological dose is highly challenging, it is worthy to note that the low dose of 0.8 mg m À 2 was previously selected based on more pronounced antivascular effects and no shedding of soluble TNF receptors noted at this dose level (Gregorc et al, 2010) . These circulating receptors might compete with the cell-surface receptors for free TNF, thus blocking its bioavailability and activity, with the amount and speed of this shedding being linearly correlated with serum TNF level (Aderka et al, 1998) . The plateau in sTNF-Rs shedding kinetics observed previously (van Laarhoven et al, 2010) and confirmed also in the present study is consistent with a biphasic dose-response curve and suggests that high doses of NGR-hTNF can overcome this counterregulatory mechanism.
DCE-MRI scans were done at baseline and 2 h after NGR-hTNF dosing to measure the biological effects on tumour vascularity. Shortly after a single dose, NGR-hTNF markedly decreased K trans , and doses higher than 200 mg m À 2 appeared to be the most effective, with median reductions of 450%. It is important to emphasise that K trans is a mixed measure of tumour vascularity and permeability. Thus, K trans measurements could be influenced by several factors, including tumour types and analysis models. In the present study, there was no indication that any particular tumour type was overrepresented among tumours with either more dramatic decreases or higher baseline K trans values. Interestingly, a correlation between baseline values and post-treatment changes in K trans was noted, thus suggesting increased antivascular effects in tumours with extensive abnormal vasculature.
The fact that these decreases in tumour permeability and blood flow occur so rapidly can be interpreted either as normalisation of tumour vasculature owing to effects on integrity (permeability) and function (vessel perfusion) of vascular bed, or vascular damage. Both mechanisms are expected, however, to improve the synergy with chemotherapy by increasing the intratumoural chemotherapy uptake or sensitising the tumour vascular compartment to cytotoxic effects. Therefore, both mode of action of NGR-hTNF and nonoverlapping toxicity profile with cytotoxic agents could facilitate the combination with chemotherapy. Consistently, NGRhTNF has been reported to synergise with several chemotherapeutic agents (Sacchi et al, 2006) .
Even though a short median PFS of 1.7 months was registered for the overall study population, this figure seems to be substantially in line with median PFS of 2.5 months reported in literature for heavily pretreated patients enroled in phase I trials (Arkenau et al, 2008) . Interestingly, the early post-treatment findings that the lower the K trans and sTNF-Rs values, the higher the patient survival rates, deserve further investigations in larger patient population to clarify their role as suitable tools for either prognostication or prediction.
In conclusion, this study has shown that NGR-hTNF can be safely given at doses higher than the previous MTD using a mild premedication and a longer infusion time. The observed tolerability profile and biological effects warrant further clinical testing of doses higher than 200 mg m À 2 of NGR-hTNF combined with chemotherapy and compared with a low dose of 0.8 mg m À 2 .
